Abstract --Conventionally, electric powertrain in battery electric vehicles are designed and optimized for a particular vehicle category and performance requirements. In this paper the design of an electric powertrain using two different type of machines is proposed with a focus on the design of electric machines. The powertrain is dimensioned by analyzing vehicle specifications, both combustion based and electric, vehicle performance requirements and wheel load analysis performed on simplified vehicle models using standard drive cycles. Two different vehicle models representing a small and medium size vehicle are used. To compare the distributed drive topology with two different machines, a third machine is designed to represent conventional electric powertrain. The proposed drive system is observed to achieve similar peak torque and power as the centralized drive using single machine. However, the proposed design of the powertrain resulted in slightly higher operating efficiency while providing a scalability of performance.
I. INTRODUCTION
HE powertrain topology of current battery electric vehicle (BEVs) e.g. Nissan Leaf [1] , Renault Zoe [2], Fiat 500e [3] etc. can be described as centralized drive comprising of one electric machine, power electronics and transmission including a single-speed reduction gear box and differential. Most of the BEVs are converted from internal combustion engine based vehicle (ICEV) models [4] . The powertrains design based on this topology are usually optimized to suit a particular vehicle application. Considering the limited number of mass market BEV models available today a centralized drive powertrain can be considered to be optimal [4] . However, as electric motor and power electronics size increases yielding higher peak power, it may be difficult to implement centralized drive without significantly changing the vehicle design. In such cases, it may be beneficial to use multiple drive units. An example is Tesla Model S dual motor configuration where a high performance motor is used on the rear shaft along with another motor on the front shaft [5] . This type of drive train topology is referred to as distributed drive [6] .
According to [6] , distributed drive topology can use inwheel motor or/and wheel-side motors to drive the wheels. The in-wheel motor designed concept have been demonstrated in the past and documented in literature [7] - [9] . The in-wheel motor design is usually direct driven without gear reduction which can result in higher efficiency.
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The authors are with the Department of Electric Power Engineering, Chalmers University of Technology, Gothenburg 412 96, Sweden (e-mail: sharman@chalmers.se; yujing.liu@chalmers.se) Also, wheel housing is used as motor housing resulting into a compact solution. However, it suffers from the problem of increased un-sprung mass which can negatively impact vehicle ride and handling performance. These motors also have low power and torque densities as a motor without speed reducing gear must produce very high torque in low speed region to support vehicle starting [6] . So, this study will consider wheel-side motor configuration.
The battery electric vehicles available today provide a fixed performance which may vary among vehicle manufacturers in terms of top speed and acceleration [4] . Unlike ICEVs, performance choices in terms of acceleration and top speed for same vehicle model are almost nonexistent for mass market BEVs. It can be attributed to the limited number of BEVs available in market. But, judging by increase in EV sale, it is safe to assume that the number of BEV models will be significantly higher in a decade resulting in the need for more performance options [4] . In case of ICEVs, the peak power can be increased by using turbochargers, superchargers etc. However, the peak power of an electric powertrain is limited by design e.g. size, thermal loading, converter rating etc. So, scalability in power can't be achieved in the same way as possible with combustion engine.
In this paper, a scalable electric powertrain design is proposed using combination of multiple drive units similar to distributed drive with a focus on the design of electric machines. Two different type of electric machine are considered: high efficiency and high power. A permanent magnet synchronous machine (PMSM) is used as high efficiency machine because of its lower rotor losses, high power and torque density which makes it a popular choice for traction motor in EV application. For high power, an electrically excited synchronous machine (EESM) is selected. The main advantages are no rare earth material, ability to control rotor flux independently which can result into better field weakening, no issues related to demagnetization and could be cheaper than PMSM. However, the rotor excitation in EESM requires additional converter and increases bill of material. The focus of this paper is to evaluate if EESM could be used to increase the overloading capability of an electric powertrain while using a reduced size PMSM as main traction machine.
II. VEHICLE MODEL
One dimensional vehicle model approximating the vehicle body as a rigid lumped mass around its center of gravity can be used to calculate the force on the wheel [10] . Considering only longitudinal vehicle motion, the force on the wheel can be calculated as 2 cos sin 2 F C Av C mg mg ma r wheel d
where Fwheel is the force on the wheels (N), ρ is air-density 
Fnormal is normal (to the road surface) component of the force acting on the driving wheel which depends on distribution of mass between front and rear axles of a vehicle. If the wheel force exceeds the maximum wheel force given by eq. 2, the tires would slip. For the sake of simplicity, effect of wheel slip would be neglected [10] . A small and a medium size vehicles are modelled using the parameters described in [10] and are presented in table I. The torque and power on wheels could be expressed as
where rwheel is the wheel radius (m). For an electric powertrain with single speed reduction gear with a final gear ratio of kgear, the electric machine torque and speed can be calculated if the gear box efficiency is ηgear as follows
where TEM is the electric machine torque (Nm) and ωEM in rad/s is electric machine speed.
III. POWERTRAIN DIMENSIONING
In order to dimension the powertrain, mainly peak and continuous rating of the electric machine, three different approaches were used. The performance requirements for the two vehicles were used along with vehicle specifications data of both ICEVs and BEVs. A comprehensive analysis of available BEVs specifications can be found in [10] . The basis for including ICEVs is to be able to compare specifications with BEVs. A wheel load analysis similar using vehicle model and standard drive cycle similar to one given in [10] is performed and is used to estimate requirements of real world driving assuming that the selected drive cycles are a good representation of the same.
A. Specification of ICEVs and BEVs
One challenge while collecting specifications of ICEVs is the number of available variants of same vehicle model which makes it difficult to compare the various vehicle models across manufacturers. So, following criteria were defined to select a variant to make uniform comparison and the selected variant is referred as base variant for the particular vehicle model. The high variants of both B and C segment ICEVs help to understand the range of performance choices available for these type of vehicles. The peak power of such high variants vary quite a lot between manufacturers as observed in fig. 1 and 2. Even though peak power of base variants of the ICEVs are comparable to BEVs, definitions of peak power for both type of energy converters is different. For EVs, peak power is often defined for a short period of time e.g. 30 sec or 1 minute but are often constant over a wide range of rotational speed of electric machine which is also referred as constant speed range. But in case of ICEVs, it is defined for a particular rotational speed of the combustion engine and is not necessarily limited to a time duration.
B. Performance requirements of BEVs
The performance requirements considered in this study are acceleration, top speed and uphill driving. Acceleration and top speed specifications are usually published by manufacturers as part of the vehicle specifications and is available to public. The most common specification for acceleration performance is found to be 0 -100 km/h specified in seconds. However, the uphill driving capabilities of a vehicle are often not specified in the specifications. The performance requirements for the two type of vehicles used in this study are listed in table II below [10] . The peak torque requirement often determined by acceleration performance depends on the base speed i.e. the speed till which the electric machine can produce peak torque followed by a constant power region. The base speed is approximated to be a third of the top speed of vehicle so as to have a compromise between the peak torque and peak power requirements and to limit the constant power speed ratio of the electric machine to 3.
Using the performance specifications along with the vehicle model in section II, powertrain requirements of the two vehicles are estimated and presented in table III. The final gear ratio, kgear of the gear box is calculated using maximum speed of the electric machine (12000 rev/min) and top speed of the vehicle given in table II. The efficiency of the gear box is considered to be 95% and constant over the complete speed range. The continuous power of the powertrain is derived from top speed and uphill driving where the uphill driving requirement was found to be higher. However, since the continuous rating of the powertrain is defined for a longer time period e.g. 30 minutes, the uphill driving could still be considered as temporary overloading or peak requirements. It could be observed that the peak power requirements for both the small and medium size EVs are similar to vehicle specifications presented earlier in fig. 1 and 2.
C. Wheel load analysis of BEVs using drive cycle
A wheel load analysis is performed to ascertain the requirements of powertrain with the assumption that the requirements in table III essentially indicate maximum capability of the powertrain and the most frequently used power and torque requirements are reflected by standardized drive cycle which is considered to represent actual driving. The Worldwide Harmonized Light Vehicles Test Cycle (WLTC) is used as the standardized drive cycle. The WLTC drive cycle has many different test cycles depending on the top speed and peak power to unladen mass ratio of the vehicle, the details of which could be found in [11] . In this work, the Class 3b test cycle with vmax ≥ 120 km/h is considered. It consists of four phases: low, medium, high and extra high corresponding to the maximum speed during each phase. The efficiency of the gear box for the wheel load analysis is considered to be the same as before.
The maximum power and torque required from the electric machine to satisfy the selected WLTC drive cycle for a small and medium size EV is presented in table IV and V respectively. For both vehicles, the speed of different phases in the drive cycle has larger impact on the power, a variation of almost 100% between low to extra high phase for both smaller and medium size EVs whereas the torque is mainly varying around 25% between the different drive cycle phases. The maximum power and torque required for a smaller EV is 75% and 55% respectively of the peak values captured in table III. And, for a medium size EV, it is only 56% and 48% respectively. This means that the peak requirements defined by the specification is much higher compared to actual driving needs of the medium size vehicle. Also, it could be observed that the peak torque and power dimensioned for the smaller EV is sufficient to meet drive cycle requirements even for a medium size EV.
IV. ELECTRIC MACHINE
It is observed that drive cycle requirements of both small and medium size EVs could be satisfied by the specification of small EV. So, both the small and medium size EVs can use PMSM as main traction machine whereas the EESM in medium size EV can be used to satisfy performance requirements and in some cases driving requirements which could not be fulfilled by the PMSM. In order to compare such a combination of two different machine, the stack length of the PMSM is scaled by 100% to obtain a third machine representing a centralized drive EV architecture with just one electric machine. The electromagnetic design is only considered e.g. the rotor topology of EESM may not be suitable for speed as high as 12000 rev/min and may require special consideration in wedge. However, this is not considered. Also, the thickness of magnet rib and bridges are kept close to reference values. The magnet rib and bridge thickness impacts the leakage flux but it is not considered as this will require detail mechanical simulation. The parameters of the three machines are mentioned in table VI. Both the PMSM and EESM in are designed with 8 pole and 48 slots and in distributed drive, they have the same outer dimension i.e. stator outer diameter and stack length. However, a larger air gap is used for the EESM due to higher rotor losses. The slip ratio i.e. stator inner to outer dimeter ratio is higher in EESM to compensate for the higher air gap. In EESM, slot area is reduced which is indicated by increase in tooth width and decrease in tooth height to increase flux and maximize torque production at the expense of phase resistance. The slot fill factor for the machines are shown in table VI are calculated from ANSYS RMxprt assuming a wire wrap of 0.085 mm and is limited to 75%. The rotor fill factor for the EESM is 72% and is calculated using the available area under the poles while accounting for wedge and using the wire wrap of 0.085 mm. The total turns per pole in the field winding is 126 and the wire cross section is 0.861 mm and the field winding resistance is 10.8 Ω. Hitachi NEOMAX NMX-37F magnet is used in the PMSM with a thickness of 5.2 mm and width 15 mm.
The cross-section of the three machines showing the flux density distribution is presented in fig. 3 to 5. The flux density distribution is shown for the peak torque and base speed operating point of the three machines. Fig. 3 and 5 are almost identical as they have same cross-section except for some slight difference in the stator flux density distribution which is mainly due to the different current angle. The maximum flux density in both teeth and yoke of the PMSM at 1.74T and 1.78T respectively are below the saturation flux density of 1.8T of the iron SURA M250-35A. But, for the EESM the teeth are almost saturated as the flux density reaches 1.8T whereas the yoke flux density is 1.73T. The peak air gap flux density of the PMSM and EESM are 1.5T and 1.4T respectively. The minimum flux density of the magnet is observed to be 0.6T which can be considered safe until the temperature does not exceed 140 o C [10] .
The efficiency maps of the three machines are generated using FEM calculation of the three phase flux linkages and core losses. Then maximum torque per ampere control is used for finding the optimal d-and q-currents to produce a specific torque. In order to calculate efficiency map, the Cu loss, iron loss, mechanical and stray losses are considered. The Cu losses while using amplitude invariant transformation can be calculated as follows ( )
where Rs and Rf are the per phase resistance of stator winding and field resistance of EESM in (ohm), id, iq and if are d-, q-and field excitation current respectively. Eq. 7 and 8 are used to obtain Cu losses for PMSM and EESM respectively. The core losses are first calculated using FEM calculations for a combination of current amplitude and current angle at base speed to generate a core loss map as a function of d-and q-current. Then, the core loss is calculated by interpolating the map at d-and q-current operating points. In order to scale the core loss for different speed and to include effects of punching of lamination material and harmonics in input of the electric machine, the following relationship is used
where Pcore is core loss (W) at the query point, Pcore int (W) is the interpolated core loss using the core loss map, kh and kc are hysteresis and eddy current co-efficient and are estimated from the iron material data sheet [12] , ωb is the electrical machine speed in (rev/min) at which the core loss map is generated using FEM calculation, ωq is rotational speed of electric machine (rev/min) for which the core loss needs to be scaled up. The co-efficient krot (1.05) and kpunch (1.3) are to account for the increase in core loss due to the effect of harmonics and deterioration of iron material during punching of lamination sheets respectively. The mechanical and stray losses are approximated as follows 2 5 2 1000 where Ppeak and ωbase are the peak power (W) and base speed (rev/min) of the electric machine respectively, Is(peak) is the amplitude of the stator current (A) needed to produce peak torque at base speed, Is,q and ωq are query points for stator current amplitude (A) and rotation speed (rev/min) respectively.
The final performance of the three machines are presented in table VII along with the torque-speed operating boundary showing efficiency in fig. 6 to fig. 8 . The DC link voltage is assumed at 400V as mentioned in table VII. The peak rms current is kept the same for distributed drive PMSM and EESM such that the same converter could be used to drive both the machines. The current density at 24 A/mm 2 for EESM is a little higher compared to PMSM but could be justified as EESM is mainly designed for overloading capability. The peak current density of rotor excitation is 20 A/mm 2 while the continuous is limited to 5 A/mm 2 to limit the rotor Cu losses. However, continuous stator current density is considered same for the three machine.
It could be observed in table VII that peak torque and power of the distributed drive with the combination of the two machines are almost same as the scaled version used for centralized drive. However, the continuous power and torque capabilities of the distributed drive is limited by the EESM. This is due to the limitation of continuous current density in the rotor excitation. Torque ripple presented in table VII is calculated at peak torque and base speed. Small ducts are used on rotor surface as seen in fig. 3 to 5 to reduce air gap harmonics which result in lower torque ripple. The torque ripple of EESM even with the ducts is almost two times and is due to the rotor geometry. The torque ripple calculation does not consider the effect of skewing. The efficiency of the EESM is slightly inferior compared to the PMSM in fig. 6 and 7. It can be observed that in low speed and lower torque the PMSM has better efficiency whereas in high speed region both the PMSM and EESM have very similar efficiencies. The centralized PMSM in fig. 8 has slightly higher efficiency with peak efficiency almost reaching 96%. The peak efficiency of the EESM reaches 93.1% which could be considered acceptable.
V. COMPARISON OF THE TWO DRIVE SYSTEMS
The efficiency maps of the three machines is then used along with vehicle model and WLTC drive cycle to calculate the average operating efficiencies of the two different drive systems and compared. The average efficiency is calculated as a ratio of wheel energy to the total input energy accounting for losses in electric machine and gear box whose efficiency is assumed at 95%. In table VIII the results are presented where case 1 indicates a drive system with distributed drive PMSM and EESM and case 2 containing only centralized drive PMSM. It is assumed that the EESM is used with a one-way clutch which means that there will be no mechanical losses in the EESM when it is not used. Also, a simple torque splitting is used to distribute demanded torque from the wheels between the two machines in distributed drive in order to select optimal operating point for the two machines.
It can be observed from table VIII, that the operating efficiencies of both the drive systems are lower compared to the peak efficiencies observed in fig. 6 to 8 with distributed drive performing little better for low phase of the drive cycle in both small and medium size EV. The centralized drive PMSM has lower operating efficiencies when used in a small EV which indicates that it is over dimensioned for small EV application and a noticeable improvement is observed when used with a medium size EV. So, using the centralized drive PMSM in small EV could provide a performance boost but at the cost of operating efficiency. Interestingly, the distributed drive with the combination of PMSM and EESM performs better than the centralized drive PMSM for both the small and medium size EV. Even with a medium size car, the gain in efficiency is from 2 to 7%. This is because, the distributed drive PMSM is dimensioned appropriately to support the driving requirements of both the small and medium size EV.
VI. CONCLUSION
The wheel load analysis performed using the standardized drive cycle resulted in much lower demand especially for the medium size vehicle compared to the maximum capability needed to meet acceleration requirements. So, instead of over dimensioning the powertrain to meet the performance requirements, the distributed drive approach with two different machines seemed fair as similar peak performance could be achieved. The operating efficiencies of the powertrain with the distributed approach was also found to be higher than using a single machine as in centralized drive. As observed in the wheel load analysis, the driving load for both vehicles could be satisfied with the distributed drive PMSM and so the operating efficiency improved as the machine was better dimensioned for handling the driving load of the selected drive cycle. It shows that the combination of PMSM and EESM could indeed be interesting for electric vehicles if the PMSM is designed to handle driving load and EESM to increase the peak torque. Also, combination of the two machines in distributed drive could be cheaper considering only half of the magnet quantity was required and it may be possible to use the same converter for the two machines. The analysis could also be extended to include various vehicle applications in future e.g. performance, commercial etc.
VII. APPENDIX
The specification data of the selected ICEVs are presented in table IX and table X. The curb weight and power along with the selected vehicle variants are presented. All the vehicle data is collected from manufacturers specifications e.g. brochure. The selected vehicle model variant and ICE variant is also presented. The specification data is collected from the UK market. The curb weight declared by some manufacturers explicitly mentions the loading conditions e.g. driver, passenger, fuel tank etc. while for others it may not be the case. Also, for some vehicle models the curb weight is mentioned in a range. In such cases the minimum value of the range is considered. The vehicle variants considered ´for selecting base and high end variants only constitute of the available petrol variants so as to have a uniformity in specifications. The high end variants data are not included but the criteria for selecting high end variants is mainly: 5 door variants, highest power of ICE and fastest 0 -100 km/h. acceleration. The data for small and medium-large size BEVs can be found in [4] . 
